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Abstract: Point-On-Wave switching is often associated with zero crossover switching in which
a contact is opened or closed at the zero crossover to reduce the presence of switching transient
phenomena. In this paper presents a Point-On-wave switching circuit designed to switch a contact on
at the peak point on wave for the purpose of switching transient overvoltage studies. The overvoltage
generated is analysed based on the wave shape and its respective parameters and is validated against the
defined parameters stipulated by international standards.
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1. INTRODUCTION
The presence of transient overvoltages associated with the
energisation and de-energisation of power transformers,
capacitor banks and shunt reactors is well documented.
Multiple Point-On-Wave (POW) switching regimes focus
on the mitigation of these switching transient overvoltages
by operating the switching devices at the zero crossover
of the applied AC voltage [1–4]. In order to study the
effects of these overvoltages on desired components and
loads, a POW regime is presented that specifically targets
the operation of the switching devices at the peak point on
wave for low voltage AC systems.
1.1 Cause and Effects of switching transients
Capacitor banks are widely used in reactive power
compensation strategies. The switching of these capacitor
banks present some of the most common and severe
switching transients in electrical systems [5, 6]. This
is greatly contributed by the inrush current associated
with the energising of a capacitor bank. In addition
to the inrush current, the associated overvoltage and the
creation of harmonics and possibility of resonance with
load inductance is of concern as they may lead to the
failure of electrical equipment such as power transformers
[7–10].
2. DESIGN
2.1 Switching Transient Overvoltage Standards
The switching overvoltage generated must conform to the
definition of overvoltage wave shapes as stipulated in IEC
60071-4:2014. The nature of transient considered is a
slow-front overvoltage (SFO). The front time is defined as
20 µs < Tp ≤ 5 000 µs with a settling time of T2 ≤ 20 ms,
and a maximum per unit voltage of 4 p.u.
2.2 Power Circuit
This switching methodology and circuit intended use is to
provide timed switching transients superimposed onto the
supply voltage as a means of analysing the capabilities of
metal-oxide varistors (MOVs) under such conditions. The
power circuit is shown in the figure 1 below.
Figure 1: Power Circuit Layout
It consists of a variable AC supply (through the use of
a variac), an isolation transformer, an R-L load and a
capacitor bank, connected to the network through the use
of a Solid state relay (SSR). The R-L load is implemented
to simulate an inductive load to which a capacitor bank
is connected to for power factor correction. The SSR
switching is controlled through a control circuit, which
times the switching operations on the SSR. The output of
the power circuit can then be fed to any application circuit
or load on which the effects of switching transients are to
be investigated.
2.3 Control Circuit
The control circuit is required for the timing and switching
operation of the SSR based on the POW switching regime
followed. The control circuit’s functionality is summarised
in the block diagram provided in figure 2 below.
Figure 2: Block Diagram of Control Circuit
Processing Circuit:
The processing circuit comprises of two programmable
integrated circuit (PIC) microcontrollers, each dedicated
to a specific operation. The detection and switching
programmable PIC is tasked with observing the zero
crossover from the detection circuit, controlling the point
on wave at which a switching operation should occur,
the time between consecutive switching operations and
displaying the number of switching operations on the
LCD display unit. The timing PIC is dedicated to timing
the duration of the switching duty, (the time in which
operations are allowed to take place) as well as receiving
a fire command from the user interface (a simple push
button) which initiates the switching duty duration.
Zero crossing Detection Circuit:
The zero crossing detection circuit utilises a centre-tapped
transformer with a full wave rectifier. The output is fed
through an optocoupler, isolating the remainder of the
control circuit from the AC Power circuit, yet allowing the
zero-crossing to be detected. The detection topology used
is shown in figure 3 below.
Figure 3: Zero Crossover Detection Circuit
There are various designs that can be considered and
implemented for zero crossing detection, each with
their respective advantages. These use of a bi-phase
full wave rectifier over the conventional bridge rectifier
presents a lower volt drop loss across the rectifier diodes,
in turn resulting in a more accurate zero crossover
detection at lower voltages. At the zero crossing the
optocoupler’s transistor output is sent high indicating that
the zero-crossing has been encountered. This output is
fed into the external interrupt pin of the detection and
switching PIC in the processing circuit.
2.4 Point-On-Wave Switching Methodology
The methodology behind the use of the external interrupt
is shown in the flowchart in figure 4 below.
Figure 4: Flowchart of the Interrupt Service Routine
Upon the detection of the zero crossing (rising edge
on external interrupt) the detection program enters the
interrupt service routine (ISR). If an interrupt did indeed
occur, a delay ton is ensued. For peak positioning on
a 50 Hz supply voltage, this time is thus 5 ms. Once
the delay has elapsed, a turn on command is sent to the
SSR after which an additional delay of duration to f f is
entered. This delay defines the time after which the SSR
is to be turned off. A delay tint is optional if the interval
between ”ON” operations required is substantially larger
than the occurrence of the ”OFF” operation to f f . This
allows all zero detections during the delay of tint to remain
undetected. The ISR is implemented in the detection
program, which controls the enabling and disabling of the
interrupt as shown in figure 5.
Executing in an infinite loop, the program awaits a timing
Figure 5: Flowchart of the Zero Crossover Detection ans
Switching Program
activation signal, initially held in a low state. Thus if
no signal is received, the interrupt will remain disabled.
However, if the timing signal goes high, the external
interrupt will be enabled. This will allow the switching
operations to occur, provided the timing signal remains
at a high state. The timing signal for the switching duty
is provided by the timing PIC. the program operation is
summarised in the flowchart provided in figure 6.
Figure 6: Flowchart of the Timing Program
Here the program awaits a fire command from the user,
through the use of a push button. Once activated, the
timing signal is latched high and a delay of tdur is
ensued. this time defines the overall duration in which
the switching operations can take place. Once this delay
has elapsed the timing signal is sent low, preventing
any further switching operations as discussed with the
detection program.
Thus based on the delay parameters discussed, the design
is able to provide an output voltage to the the desired
application circuit, following equation 1 below.
Vo =Vm sin(100pit)+(Vtrans(H(t−ntint)(H(t−ton)−H(t−to f f ))
(1)
for n= 0,1,2,3, ... and t ≤ tdur
Where
Vo is the output voltage to the application circuit or load
Vm is the amplitude of the supply voltage
Vtrans is the generated transient overvoltage
3. RESULTS
This section investigates the switching transient’s prop-
erties based on the various facets of the POW switching
regime design.
3.1 Switching transient waveform
As covered, the generated switching transient overvoltage
is to follow the standards outlined in section 3.1. The
transient overvoltage generated at a supply voltage of 130
VRMS by the switching operation is shown in figure 7 below.
Figure 7: Analysis of the Switching Transient wave shape
properties
Analysis of the transient waveform found the front time,
Tp, to be 100 µs with a settling time, T2 of 1.13 ms. this
conforming to the definition outlined in section 2.1. The
amplitude from the nominal 130 VRMS 50 Hz voltage was
found to be 328 Volts, however, this falls negative as a
result of the inrush current to the capacitor bank. The
positive overshoot is of greater concern, found to be 384
Volts. This correlated to a per unit overvoltage of 2.09 p.u.
This again adhering to the p.u. overvoltage standards for a
SFO.
3.2 Zero Crossover Detection
In order to ensure correct timing of the switching
operations, the time between switching signal and the
actual operation must be considered. Figure 8 below
demonstrates this relationship.
Figure 8: Comparison between switching operation and zero
crossover detection signal
Here the switching operation has been set to occur 5 ms
after the detection of the zero crossover. The rising edge
of the zero crossover detection signal occurs 200 µs before
the voltage actually reaches its zero crossover. this was
found to be due to the rectification process within the zero
crossover detection circuit. however this time is negligible
3.3 Variation in supply voltage
Following the confirmation of generated transient, the
effect of increase in supply voltage on the transient was
investigated. The supply voltage to the circuit was
increased from 130 VRMS to 230 VRMS. This is shown in
figure 8 below.
Apart from the expected increase in transient amplitude,
rising to a maximum overshoot voltage of 780 Volts (2.4
p.u.), evidence of a greater frequency of oscillation of the
transient was found. The greater number of oscillations
result in an increase in the time taken for the transient
to dissipate. Consequently, resulting in an increase in
settling time T2 from 1.13 ms to 1.38 ms, and thus an
increase of 0.9 ms for the transient to dissipate. The front
time however remained unchanged at 100 µs. Despite the
variations due to change in supply voltage, the nature of
the transient overvoltage remains true to the limitations
provided by the standards.
Figure 9: Comparison between switching transient generated at
a supply voltage of a)230 VRMS and b) 130 VRMS
3.4 Point on Wave Switching
The effect of the POW switching operation is analysed
next. Here the operation was set to occur at 2 ms, 5 ms
and 7 ms. This is shown in figure 10 (a), (b) and (c),
respectively. This is achieved by modifying the delay
period ton.
Figure 10: Comparison of different point on wave switching
operations timed at (a) 2 ms (b) 5 ms (c) 7 ms.
In figure 10 (a) for a switching operation set at 2 ms, the
time taken from the zero crossover on the supply voltage
to the time of ”ON” operation was found to be 1.7 ms, a 15
% deviation in the theoretical time. A similar variance was
found in the latter two switching cases as well. In (b) for a
5 ms delay, the actual time was found to be 4.7 ms, a 6 %
variance. In (c) an 8.6 % error in timing was found, having
an actual switching time of 6.4 ms from a theoretical time
of 7 ms. A brief look into the maximum peak to peak
voltage of these transients confirmed that indeed the largest
transient is generated at the peak point on wave.
3.5 Switching duty
The switching duty encapsulates the time between each
consecutive switching operation as well as the duration
in which these operations are able to occur. figure
10 below illustrates the interval between consecutive
switching operations.
Figure 11: Illustration of a 1 second interval between switching
operations
Here a one second interval between consecutive pulses
was implemented by setting tint to one second. It is noticed
that between the first and second transient overvoltage
an interval of 1.01 seconds was recorded implying a 1
% timing error. This was found to be as a result of the
zero crossover detection. If tint terminates on, or after
a zero crossover, the program will wait until the next
zero crossover is detected and thus the possibility of an
additional 10 ms delay in the interval time to the next
consecutive switching operation. Lastly to be considered
is the duration of the entire switching operations. To
demonstrate this, a switching regime was implemented
taking a 30 ms interval between consecutive switching
operations over a duration of 1 second. this is show in
figure 12 below.
The duration of the entire switching operations is taken
from the zero crossover prior to the first switching
operation presented, to the zero crossover after the last
switching operation. This was measured to be 0.998
seconds. With an interval of 30 ms, 17 positive peak
and 17 negative peak switching operations were executed,
totalling 34 switching operations.
4. CONCLUSION
The design presents a POW switching regime that can be
easily modified to achieve various point on wave switching
operations, desired intervals between the occurrence
of these operations and duration of switching duties,
producing switching transient overvoltages that conform
Figure 12: Illustration of a 1 second switching duty with
multiple transients
to the stipulated standards. Despite deviations between
theoretical and actual timing found, believed to be due
to program execution and zero crossover detection, these
error may be neglected for switching intervals of greater
than 30 ms. Although much can be done to improve the
functionality and accuracy of the circuit and its regime, it
has been found suitable for the study of MOV response to
switching transients.
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